ADA092 012 COLORADO SCHOOL OF MINES = GOLDEN 13,2 !
' TUNNEL BORING MACHINE TECHNOLO6Y FOR A OFEPLY BASED MISSILE SYS'-ETC(U)
sUG 80 ¢ B CLARK: L OZDEMIR: F WANG F: 9601'7!'€-00
UNCLASSIFIED AFWL=TRa79=120=y0L~1=2

' —




,47,;‘7?00 {85 |

AFWL-TR-
} 79-120
@LRVELZ .-
i Pt. 2
i /)(0

TUNNEL BORING MACHINE TECHNOLOGY FOR

/] A DEEPLY BASED MISSILE SYSTEM

Volume | of Il
Application Feasibility

Part 2 of 2

George B. Clark
Levent Ozdemir
Fun-Den Wang

ADA092012

Colorado School of Mines
Golden, CO 80401

August 1980 DTlC

ELECTE
NOV 2 5 1380

Final Report

Approved for public release; distribution unlimited.

, AIR FORCE WEAPONS LABORATORY
-" 51)1 Air Force Systems Command
Kirtland Air Force Base, NM 87117

=
&2 o ! AN
» , o 80 9 29 L7 J




LN A A TN, <o i s 5 i K T PTG A e A e

I s

AFWL-TR-79-120, Vol 1, Pt 2 of 2

This final report was prepared by the Colorado School of Mines, Golden,
Colorado, under Contract F29601-78-C-0056, JJob Order 88091311 with the Air
Force Weapons Laboratory, Kirtland Air Force Base, New Mexico.

Capt Michael A. Reed (NTESG) was the Laboratory Project Officer-in-Charge.

When US Government drawings, specifications, or other data are usea for any
purpose other than a definitely related Government procurement operation, the
Government thereby incurs no responsibility nor any obligation whatsoever, and
the fact that the Government may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other data, is not to be regarded
by implication or otherwise, as in any manner licensing the holder or any other
person or corporation, or conveying any rights or permission to manufacture,
use, or sell any patented invention that may in any way be related thereto.

This report has been authored by a contractor of the United States Govern-
ment. Accordingly, the United States Government retains a nonexclusive,
royalty-free license to publish or reproduce the material contained herein, or
allow others to do so, for the United States Government purposes.

This report has been reviewed by the Public Affairs Qffice and is
releasable to the National Technical Information Service (NTIS). At NTIS, it
will be available to the general public, including foreign nations.

This technical report has been reviewed and is approved for publication.

; R A
e AN

MICHAEL A. REED
Captain, USAF
Project Officer

FOR THE DIRECTOR

NP S‘\MN;)/

;oo .7/ f/ .
/v‘“\\ ot F(‘ ( PRV ¥

GARY P. GANONG * STEWART W. JOHVSO&/
Lt Colonel, USAF Lt Colonel, USAF
Chief, Tech & Applications Branch Chief, Civil Engrg Rsch Division

DO NOT RETURN THIS COPY. RETAIN OR DESTROY.

L mewimpe ool .




~ . w———

Mty Ty H‘ o N AN il ARG ,_;' N DRI A $08 iyis —-iamhs+ LAY O 3 M Sl e v- (Aot
UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)
REPORT DOCUMENTATION PAGE BEFORE COMBLETING PORM
' REPORTYT NUMBER 2. GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
AFWL-TR-79-120, Vol I, Pt 2 AD-HA0FICc L
4 TITLE (and Subtitle) § ? TYPE OF REPORT & PERIOD COVERED
TUNNEL BORING MACHINE TECHNOLOGY FOR A DEEPLY _
BASED MISSILE SYSTEM Final Report
Vol I of II: Application Feasibility 6. PERFORMING ORG. REPORT NUMBER
Part 2 of 2
7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)

George B. Clark
Levent Ozdemir

Fun-Den Wang F29601-78-C-0056

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK

AREA & WORK UNIT NUMBERS
Colorado School of Mines

Golden, CO 80401 62601F /88091311 §
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

. August 1980
Air Force Weapons Laboratory (NTESG) =
Kirtland AFB, NM 87117 BN T
| 14, MONITORING AGENCY NAME & ADDRESS(if different from Controlling Office) | 15. SECURITY CLASS. (of this report,

UNCLASSIFIED
15a. DECLASSIFICATION DOWNGRADCING ﬁ
SCHEDULE

‘6. DISTRIBUTION STATEMENT (of this Report}

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMEI&T {of the abstract entered in Blaock 20, if diftere..t from Report)

18. SUPPLEMENTARY NOTES

This report consists of two volumes: Volume I, Application Feasibility, and
iVolume II, State-of-the-Art Review. Volume I is divided into two parts. Part |
consists of the front matter and text pages 1-107. Part 2 consists of text
ages 109-198 and the distribution list.

19, KEY WORDS (Contlinue on reverse side if necessary and identify by block number)
Tunneling

Underground Structures
Rock Mechanics

23 ABSTRACT rContinue on reverse side If necessary and identify by block number)
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(DBM) tunnel system (Mesa concept) by meanc of tunnel boring machines (TBMs),
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and strength will require support varying frombsimple rock bolting to concrete
segments.

Current (1979) costs for similar tunnels (Chicago) vary from $600 to $800
per linear foot of tunnel, while the estimated costs for the DBM tunnels
average as high as $1,600 per foot because of the greater depths, weaker rock,
longer tunnels, possible remoteness geographically, and other related factors.
Two concepts for egress machines have been proposed by the Robbins and Jarv
companies.

The details of use of geotechnical data are given in Appendix A and were
qualitatively for estimates of support requirements and costs. The only
calculation that could be made based upon available data was the assumption
that squeezing ground would occur if the stress concentration at the ribs of
the tunnels exceeds the unconfined compressive strength. Average conditions
assumed for the tunnel calculations in the COSTUN program automatically include
the effects of rock quality designation (RQD), etc.
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APPENDIX A
ENGINEERING FACTORS IN TUNNELING TECHNOLOGY

Many of the basic geotechnical and engineering principles for tunnel-
ing in soil and rock are described in the publication by Golder and Mac-
Laren (Ref. Al). The basic information described is employed as input to
computer programs, as a means of determination of support requirements,
penetration rates, advance rates, and other variable factors which must
be carefully evaluated for the determination of tunneling costs.

In short, these principles are the basis for making dependable engi-
neering judgments as represented by the presept state of the art and are
abstracted here in detail to show that basis for recommendations made in

this study.

Geotechnical Consideration

Subsurface conditions have a very critical influence upon the design,
excavation, and construction of tunnels, and hence, have an important ef-
fect upon both direct and indirect costs. The uncertainties involved in
predicting underground conditions constitute the greatest single risk of
tunnel construction and considerable research effort has been devoted to
the development of new methods of determining geologic structure, perti-
nent rock properties, ground water level, and the related geological fac-
tors prior to excavation. While much progress has been made in the tech-
niques of prediction of underground geoiogy, diamond drilling, geologic
mapping, and seismic evaluation remain the most usable tools for site
evaluation.

Golder Associates &% J.F. MacLaren, Ltd., "Tunneling Technology - An Ap-
praisal of the State of the Art for Application to Transit Systems," On-
tario Ministry of Transportation and Communications, May 1976.
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Site investigation and geologic evaluation of deep base missile sites

will also be one of the major considerations in this project. The cost of
diamond drilling and geotechnical evaluation must be balanced against the
benefits, and bids for constructidn of the complex will increase as some
function of the risks involved.

For a presently assumed hypothetical model site for 480 km of tunnel,
the geologic factors can be evaluated only in terms of predicted percent-
ages of the types of structure that will be encountered. Hence, the costs,
rates of excavation, and construction, together with related factors; may
be based upon the assumption of the percentage of (1) the worst conditions,
(2) mediun conditions, and (3) the most favorable conditions. This will
give a range of costs to be expected until an actual site is selected.
Geologic information can then be employed to make more firm predictions, to
reduce risks, and to offer a base for contractual bidding.

The problem of determining the effect of rock properties upon tunnel-
ing operations and construction has been approached in several different
ways. It is necessary to evaluate rock mass properties, as described below,
one of the purposes of which is to determine the tunnel support required,
as well as the method and cost of excavation.

A definitive description of geotechnical factors is given in Reference
Al. Three classifications of rock are used:

1. According to origin: igneous, sedimentary, and metamorphic

2. According to compressive strength:

Rock Class Compressive Strength
Very low strength 125 - 500 1b/1n2 >
Low strength 500 - 2,000 1b/1in
Medium strength 2,000 - 8,000 1b/in 2
High strength 8,000 - 32,000 1b/in

Very high strength greater than 32,000 1b/1‘n2
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3. According to spacing of discontinuities:

Spacing (lass Spacing

Very wide Greater than 10 ft
Wide 3-10 ft
Moderately wide 1 -3ft

Close 2 in., ~ 1 ft

Very close Less than 2 in.

These are further qualified by a classification of rock related to

tunnel support by Terzaghi (Ref. A2):

“"Intact rock contains neither joints nor hair cracks, hence, if
it breaks, it breaks across sound rock. On account of the injury to
the rock due to blasting, spalls may drop off the roof several hours
or days after blasting. This is known as spalling condition. Hard,
intact rocks may also be encountered in the popping condition involv-
ing the spontaneous and violent detachment of rock slabs from sides
or roof.

"Stratified rock consists of individual strata with little or no
resistance against separation along the boundaries between strata.
The strata may or may not be weakened by transverse joints. In such
rock, the spalling condition is quite common.

“"Moderately jointed rock contains joints and hair cracks, but
the blocks between joints are lTocally grown together or so intimately
interlocked that vertical walls do not require lateral support. In
rocks of this type, both the spalling and the popping condition may
be encountered.

"Blocky and seamy rock consists of chemically intact or aimost
intact rock fragments which are entirely separated from each other
and imperfectly interlocked. In such rock, vertical walls may re-
quire support.

"Crushed but chemically intact rock has the character of a
crusher run. If most or all of the fragments are as small as fine
sand grains and no recementation has taken place, crushed rock below
the water table exhibits the properties of a water-bearing sand.

"Squeezing rock slowly advances into the tunnel without percep-
tible volume increase. Prerequisite for squeeze is a high percent-
age of microscopic and sub-microscopic particles of micaceous min-
erals or of clay minerals with a low swelling capacity.

Terzaghi, K., 1946, "An Introduction to Tunnel Geology," Rock Tunneling
with Steel Supports, by R.V. Proctor and T.L. White, The Commercial Shear-

ing and Stamping Co., Youngstown, Ohio, USA.
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"Swelling rock advances into the tunnel chiefly on account of

expansion,

-The capacity to swell seems to be limited to those

rocks which contain clay minerals, such as montmorillonite, with a
high swelling capacity.

"In practice, there are no sharp boundaries between these rock
categories and the properties of the rocks indicated by each one of
these terms can vary between wide limits."

These rock classes relate to tunnel support requirements in terms of

load and stand-up time (time after excavation until first movement occurs).

Lauffer (Ref. A3) describes a similar classification system:

Class A: Stable rock - corresponds to intact rock as identified
by Terzaghi.

Class B: Rock unstable after a long time - corresponds to mas-
sive moderately jointed rock and to stratified or schistose rock.

Class

C: Unstable rock after a short time - corresponds to mod-

erately blocky and seamy rock.

Class
Class
Class
Class
Lauffer further

classes and the

D: Broken rock - corresponds to very hlocky and seamv rock.
E: Very broken rock ~ corresponds to completely crushed rock.
F: Squeezing rock.

G: Heavy squeezing rock.

proposed a quantitative correlation between the above rock

stand-up time of the wall rock in tunnel openings of var-

ious sizes (Fiqure A1).

Since 1965,

factors other than general classifications, such as those

above, and rock properties have been employed to improve the predictability

of rock stability and of factors affecting excavation. One of the first of

these is the RQD (Rock Quality Designation) which is based on particle size

or fracture spacing. These factors can be measured and used to determine:

Lauffer, H., 1950, "Gebirgsklassifizierung fur den Stollenbau," Geologie
und Bauwesen, 24, H.1., Vienna, Austria.
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1. The behavior of the rock mass as a function of the type and spac-

ing of discontinuipies, as compared to the size of the tunnel.

2. The strength, deformability, permeability, and other properties
of the rock.

3. The overall behavior of the rock mass around the tunnel as affected
by the above properties and the larger scale geologic structure.

The RQD can serve to define the 1imits of applicability of design
theories such as rock mechanics and continuum mechanics, the factors con-
troling ground behavior, and to establish broad behavioristic patterns.
Beyond gravel size (5 mm), the RQD is preferred, which is defined as the
sum of the lengths of recovered core pieces which are 4 in. or longer,

divided by the total length of the core:

RQD Rock Qualit
0 - 25% Very poor
25 - 50% Poor

50 - 70% Fair

75 - 90% Good

90 - 100% Excellent
Bieniawski (Ref. A4) proposed a classification system (Council for
Scientific & Industrial Research - CSIR) which includes the RQD and other
factors:
1. Rock Quality Designation (RQD)

2. State of weathering

3. Uniaxial compressive strength of intact rock
4, Spacing of joints and bedding

5. Strike and dip orientations

6. Separation of joints

Bieniawski, Z.T., 1973, "Engineering Classification of Jointed Rock Masses,"
The Civil Engineer in South Africa, South African Institution of Civil

Engineers, Transvaal, South Africa, pp. 335-343.
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7. Continuity of joints

8. Groundwater flow

Weathering

Unweathered rock shows no signs of visible weathering, rock is fresh,
and few discontinuities may show sliaht staining. Slightlv weathered rock
shows penetrative weathering in onen discontinuity surface but only sliaht
weathering of rock material. ‘Discontinuities are discolored extending into
rock up to 10 mm.

Moderately weathered rock exhibits sliaht discoloration extending
through the greater part of the rock mass. The rock material is not friable
(except for poorly cemented sedimentary rocks).

In highly weathered rock, the weathering extends throughout the rock
mass, and the rock material is partly friable. Rock has no lustre, and all
minerals except quartz are discolored. Rock can be excavated with a pick.

Completely weathered rock is totally discolored, decomposed, and
friable with only fragments of the rock texture and structure preserved; it

has the external appearance of a soil.

Uniaxial Compressive Strength of Intact Rock

The classification of intact rock proposed by Deere and Miller (Ref.As)

has been accepted as convenient and realistic (Table Al).

Spacina of Joints

The term joint is usSed to mean all discontinuities including joints,

faults, bedding planes. and other surfaces (Table A2).

Deere and Miller, 1966, University of I11inois, Champaign-Urbana, I11inois.
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TABLE Al

Deere and Miller's Classification of Intact Rock Strength

Uniaxial Compressive

Strength Examples of
Description 16f/in? Kgf/cm? MPa Rock Types
Very low strength 150- 3500 10- 250 1- 25 Chalk, rocksalt
Low Strength 3500- 7500 250- 500 25- 50 Coal, siltstone. schist
Medium Strength 7500- 15000 500-1000 50-100 Sandstone, slate, shale
High Strength 15000-30000 1000-2000 100-200 Marble, granite, gneiss
Very High Strength >30000 >2000 >200 Quartzite, dolerite,

gabbro, basalt
TABLE A2

Deere's Classification for Joint Spacing

Description Spacing of Joints Rock Mass Grading

Very Wide >3m >10 ft ~ Solid

Wide Im to 3m 3 ft to 10 ft - Massive
Moderately Close 0.3m to Im 1 ft to 3 ft - Blocky/Seamy
Close 50mm to 300mm 2 in. to 1 ft - Fractured
Very Close < 50mm < 2 in. -~ Crushed and

shattered

edharem A S ma
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Strike and Dip Orientations

Based upon observations of Wickhan, Tiedeman, and Skinner (Ref. A6},
Bieniawski suégests a qualitative assessment such as favorable or unfavor-
able should be used in preference to a quantitative classification of the

effects of discontinuity orientation and inclination.

Separation of Joints, Continuity of Joints and Groundwater

These three factors have a significant influence upon the behavior of
the rock mass and are taken into account in a qualitative manner.

The eight parameters discussed above have been incorporated into a
classification (Table A3) in which each parameter is graded into five
classes ranging from very good to very poor.

Each parameter does not necessarily contribute equally to the behavior
of a rock mass, and one may have a rock mass in which the different param-
eters fall into different classes. For example, an RQD of 80, which places
the rock mass in class 2, may be associated with a heavy groundwater inflow
which would place the rock mass in class 4 or 5.

To overcome this difficulty, an Importance Rating weighting factor is
used to allocate points for each class number of each parameter, and the
overall class of the rock mass is then determined by adding up the total
(Table A4).

In the example given, the class was determined from Table A3 and the
individual scores from Table A4-A. Table A4-B shows that the total score

of 64 places this rock mass in class 3, which is described as fair.

Wickham, G.E., H.R, Tiademan, and £.H. Skinner, "Suppor@ Determination
Based Geologic Predictions," Proceedings 1st North American Rapid Excava-
tion & Tunneling Conference, AIME, New York, N.Y., USA, 1972,

C T vy .
YTV R i - RAINEY N M —

e




R St A e e e o~ -

d1qeaoARIUR AUDA aLqeJoAe U ALeq a|qeJoaeq alqedoneq Ausp suotjejuaiag dig 9 9L43S g
ULtw/3E G2L< uw/aL] G2L-G2 U/t 662>
ANROH 23ea3poy JybLyis SUON ENY wol 42d mMoy4 J423eMpUNOUY /
3bnog yitM 3bnoy yitM abnog oN snonuyj
*snonuL3uo) ¢snonuL3uo) €snonuL3uo) -uo?) 30N snonuLjuo) 30N S3ULOQ 0 A3LNULIUO) 9
WG < WG -t | W [-um - Q uw| - 0> sy ‘0> SJuLOf 40 uotjeaedas g
wagg> UWQQE -ullQg Wwi-we-o we -wy wg < bu1oedg uiop ¥
_ Gz> 06-5¢ 00L-09 00Z-001 00¢+ edW “yibusauls yocy 3oeu] £
‘ paJdyjeam paJayleap pa4syjesm paJayleaM
A1233| dwo) ALubLH A|1a3ea9poy AL3yBLLs paaayjeamun buraayzesy ¢
, oy
” Ge» (5-S¢ G/-09 06-9L 00L-06 % a0y A3trend 320y L
, .
4004 A43p G 4004 ¥ Jieq4 ¢ pooy 2 pooy A43p | u013diadsd90 § ON SSe[) wd}]

ty eyl

S9SS® YJ0§ PIIULOL 404 UOLILILLSSEL) SOLURYOBWOY YISI

118

Ll

i
|
|

R

e




ﬁ 1 ' TABLE A4
Importance Ratings

A. Individual Ratings for Classification Parameters for Underground
Excavations

Underground Excavations

Class Number

Item Parameter 1 2 3 4 5

? 1 Rock Quality - RQD 16 1412 3
2 Weathering 9 7 1

3 Intact Rock Strength 19 5 2 1 0

4 Spacing of Joints 30 25 20 10 5

5 Separation of Joints 5 5 4 3 1

6 Continuity of Joints 5 5 0 0

7 Groundwater 10 10 5 2

8 Strike & Dip Orientations 15 13 10 5 3

B. Total Ratings for Rock Mass Classes

Class Number 1 2 3 4 5
Description of Very Good Fair Poor \Very
Class Good Poor
Total Rating 90-100 70-90 50-70 25-50 <25

Practical Example Using CSIR Geomechanics Classification

Consider the example of a weathered granitic rock mass in which a tunnel is
to be driven. The classification of this rock mass would be carried as

follows:

Item Description Class Score
1. RQD 70% 3 12
2. Weathering Moderate 3 5
3. Intact Strength 150 MPa 2 5
4. Joint Spacing 2m ? 25
5. Joint Separation 0.5mm 3 4
6. Joint Continuity Cont., No gouge 3 3
7. Groundwater Moderabe 4 5
8. Strike/Dip Unfavorabie 4 5
TOTAL SCORE 64

119
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The” above description of the CSIR classification system was published

with permission from, “Underground Excavation Engineering," by E. Hoek
(Ref. A1},

Barton, Lien, and Lunde (Ref. A7) of the Norwegian Geotechnical In-
stitute (NGI) also devised an index for the determination of the tunneling
quality of a rock mass for support requirements. This employs the RQD with
multiplying and dividing coefficients to account for the influence of joint

set (JS), joint roughness (Jr), joint alteration (J_), and joint water (Jw),

a
and also a stress reduction factor (SRF). The resulting quality index (Q)

is given by Q = (RQD/Jn) (Jr/da) (Jw/SRF). The values for the J's and the

SRF (Tables A5, A6, & A7) are from Reference A8.

"The factor (JW/SRF) involves two stress parameters. SRF is a measure
of: (1) load caused by loosening of rock in an excavation through shear
zones and clay-bearing rock, (2) reduction of rock stress load in compe-
tent rocks, and (3) squeezing loads in plastic incompetent rocks. Jw is
a measure of water pressure, which reduces the shear strength of joints
due to a reduction in normal stress. Water may also cause softening and
possible outwash of clay-filled joints. [t has proved impossible to com-
bine these two parameters in terms of interblock effective normal stress,
because paradoxically a high value of effective normal stress may sometimes
signify less stable conditions than a low value, despite the higher shear
strength. The quotient (JW/SRF) is a complicated empirical factor describ-

ing the 'active stresses'."

Barton, N., R. Lien, and J. Lunde, June 1974, "Analysis of Rock Mass
Quality and Support Practice in Tunneling and a Guide to Estimating Sup-
port Requirements," Report No. 54206, Norwegian Geotechnical Institute;
also "Engineering Classification of Rock Masses for the Design of Tunnel
Support," Rock Mechanics, Vol. 6, New York, N.Y., USA.




TABLE A5

Descriptions and Ratings for the Parameters RQD, Jn and Jr

—
.

Rock Quality Designation

(RQO)

Mmoo @

Very Poor
Poor
Fair
Good
Excellent

0- 25
25- 50
50- 75
75- 90
90-100

N~

Joint Set Number

TommoOwm>

Massive, no or few joints

One joint set

One joint set plus random

Two joint sets

Two joint sets plus random
Three joint sets

Three joint sets plus random
Four or more joint sets, ran-
dom, heavily jointed, "sugar

cube", etc.
Crushed rock, earthlike

Joint Roughness Number

(d,)

r

gn'nmv:nw?:

po =4

(a) Rock wall contact and

(b) Rock wall contact before 10 cms shear

Discontinuous joints

Rough or irregular, undulating

Smooth, undulating
Slickensided, undulating
Rough or irregular, pianar
Smooth, planar
Slickensided, planar

4

3
2
1.
1.
1.
2.

O,

{c) No rock wall contact when sheared
Zone containing clay minerals thick

enough to prevent rock wall contact
Sandy, gravelly or crushed zone

thick enough to prevent wall con-

tact

Note 1:

(a) Where RQD is reported
or measured as _ 10 (in-

cluding 0) a nominal value
of 10 is used to evaluate
Q in Eq. (1)

{b) RQD intervais of 5,
i.e. 100, 95, 90, etc. are
sufficiently accurate

Note 2:
%a) For intersections use
3.0 x Jn)

(b) For portals use (2.0 x
Jn)

Note 3:

(a) Add 1.0 if the mean
spacing of the relevant
joint set is greater than
3m

(b) J. = 0.5 can be used

for planar slickensided
joints having lineations,
provided the lineations are
favorably oriented.

1.0 (nominal)

1.0 (nominal)

&

e -
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TABLE A6

Descriptions and Ratings for the Parameters Ja and Jw

Joint Alteration Number

(Ja) L (approx.)

-

(a) Rock wall contact

Tightly healed, hard, non-softening, impermeable 9.

filling i.e. quartz or epidote

Unaitered joint walls, surface staining only 1.

Slightly altered joint walls. Non-softening mineral
coatings, sandy particies, clay-free disintegrated
rock, etc.

Silty-, or sandy-clay coatings, small clay-fraction 3.

(non-softening)

Softening or low friction clay mineral coatings, i.e. 4.

kaolinite, mica. Also Chlorite, talc, gypsum and
graphite etc., and small quantities of swelling clays.
(Discontinuous coatings, 1-2 mm or less in thickness)
(b) Rock wall contact before 10 cms shear
Sandy particles, clay-free disintegrated rock etc. 4
Strongiy over-consolidated, non-softening clay 6
mineral fillings. {Continuous, 5mm in thickness)
Medium or low over-consolidation, softening, clay 8
mineral fillings. (Continuous, 5mm in thickness)

2

Swelling clay filling, i.e. montmorillonite. 8.0-12.

(Continuous, 5mm in thickness. Value of Ja de-

pends on percent of swelling clay-size particles,
and access to water etc.
(c) No rock wall contact when sheared

© o oo

lones or bands of disintegrated or crushed rock 6.0,8.0

and clay (see G, H, J for description of clay

condition)

Zones or bands of silty- or sand-clay, small 5
clay fraction (non-softening)

.0

Thick, continuous zones or bands of clay (see 10.0,13.0

G, H, J for description of clay condition) or 13.0-20

.0

()
(25°-35°)

(20°-25°)
( 8°-16°)

(25°-30°)
(16°-24°)

(12°-16°)
( 6°-12°)

{ 6°-24°)

( 6°-24°)

(i) values of (T)r are intended as an approximate guide to the
mineralogical properties of the alteration products, if present.

o O e

Joint Water Reduction Factor (J.) Approx.
W water

pressure
(kg/cm?)

Dry excavations or minor inflow, i.e. <51/min locally 1.0 <]

Medium inflow ¢. pressure occasional outwash of joint 0.66 1.0-2.5

fillings

Large inflow or high pressure in competent rock with 0.5 2.5-10.0

unfilled joints

Large inflow or high pressure, considerable outwash

of joint fillings

Exceptionally high inflow or water pressure at 0.2-
blasting, decaying with time
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0.33 2.5-10.0

0.1

>10.0




TABLE A6 (Cont'd.)

5. Joint’ Water Reduction Factor (Jw) Approx.
water
pressure
(kg/cm?)

F. Exceptionally high inflow or water pressure continuing 0.1-0.05 >10.0

without noticeable decay
Note: (i) Factors C to F are crude estimates. Increase Jw if

drainage measures are installed.
(ii) Special problems caused by ice formation are not
considered.




TABLE A7

Descriptions and Ratings for the Parameter SRF

Stress Reduction Factor (SRF)

o o

m

Pl S o

o=

Note:

(a) Weakness zones intersecting excavation, which may cause
loosening of rock mass when tunnel is excavated.
Multiple occurrences of weakness zones containing clay or 10.0
chemically disintégrated rock, very loose surrounding rock
{any depth)

Single weakness zones containgng clay, or chemically dis- 5.0
integrated rock (depth of excavation : 50 m)
Single weakness zones containing clay, or chemically dis- 2.5
integrated rock (depth of excavation 50 m)
Multiple shear zones in competent rock (clay free), loose 7.5
surrounding rock {any depth)
Single shear zones in competent rock {clay free) (depth 5.0
of excavation g 50 m)
Single shear zones in competent rock (clay free) (depth 2.5
of excavation 50 m)
Loose open joints, heavily jointed or "sugar cube" etc. 5.0
{any depth)
oc/c1 Ot/ol

Low stress, near surface >200 >13 2.5
Medium stress 200-10 13-0.66 1.0
High stress, very tight 10-5 0.66-0.33 0.5-2.0
structure. {Usually favorable
to stability, may be unfavor-
able to wall stability)
Mild rock burs* (massive rock) 5-2.5 0.33-0.16 5-10
Heavy rock burst {massive rock) <2.5 <0.16 10-20
(c) Squeezing rock; plastic flow of incompetent rock under

the influence of high rock pressures.
Mild squeezing rock pressure 5-10
Heavy squeezing rock pressure 10-20
(d) Swelling rock; chemical swelling activity depending on

presence of water,
Mild swelling raock pressure 5-10
Heavy swelling rock pressure 10-15

(i) Reduce these values of SRF by 25-50% if the relevart shear zones
only influence but do not intersect the excavation.
(ii) For strongly anisotropic stress field (if measured): when
5 ¢ 01/03 . 10, reduce o.and o, to 0.8 0. and 0.8 oys when

01/03 > 10, reduce S and 94 to 0.6 o and 0.6 oy where:
o. = unconfined compression strength, oy = tensile strength (point
load), 9 and g3 = major and minor principal stresses.

(iii) Few case records available where depth of crown below surface is
less than span width. Suggest SRF increase from 2.5 to 5 for
such cases (see H).
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The rock tunnelling quality ) is then considered as a function of

three parameters which are crﬁde measures of:

1. Block size (ROD/Jn)

2. Interblock shear strength (Jr/Ja)

3. Active stress (JW/SRF)

Joint orientation was not found to be the important general parameter
as might be expected because the orientation of the excavation can be ad-
justed to avoid the maximum effect of unfavorably oriented major joints.
This choice is not usually available for tunnels. The parameters, Jn’ Jr’
and Ja may play a more important qgeneral role than orientation because the
number of joint sets determines the freedom for block movement.

The information contained in Tables A5 to A7 may be easily used to

determine the NGI Tunnelling Quality Index. The orocess of determining

the various factors required for computation of Q concentrates the atten-
tion of the user on a number of important practical questions which might
be ianored during a site investiaation. The qualitative evaluation of
characteristics of the rock mass which is required for this orocess may be
almost as important as the calculated value of 0.

The first factor (RQD/Jn) represents the structure of the rock mass,
is a rough measure of the block or particle size varying between twec ex-
treme values (100/1.5 and 10/20) differina by a factor of 400, giving ex-
treme particle sizes of 200 to 0.5 cm, which are crude but fairly realis-
tic approximations. The Taraest blocks may be several times the uoper
limit and the smallest fragments less the lower limit.

The second factor (Jr/Ja) represents the roughness and frictional char-
acteristics of the joint walls or fillina materials. It is weighted in
favor of rough, unaltered joints which are in direct contact. Such surfaces

will be close to peak strenath, they will tend to dilate stronalv when

]
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sheared,-and will, therefore, be favorable to tunnel stability. Thin clay

mineral coatings and fillings in the joints reduce the strength siqnifi-
cantly. Nevertheless, joint surface contact after small shear displace-
ments have occurred may be a very important factor in preserving the stabi-
lity of the opening. If no joint surface contact exists, the conditions
are extremely unfavorable. The friction angles given in Table A1l are a

little less than the residual strength values for most clays.

Rock Structure Rating (RSR). Jacobs and Associates (Ref. A8) describe a

Ground Support Prediction Model for a method for evaluating and rating on

a numerical scale the competency of a rock structure to determine the need
for structural support. The model has evolved from study of grobnd support
installations and geological information for 53 tunnel projects to provide

an index or Rock Structure Rating (RSR).
The need for ground supnort is influenced by geological and construc-

tion factors. Geological factors include the rock-joint patterns, the dip
and strike, discontinuities, faults, shears and folds, groundwater, rock
material properties, and the deqree of weathering or alteration. Construc-
tion factors are the size of openings, direction of drive, and method of
excavation. The prediction of ground support requirements takes these
factors into account but is influenced by attitude and experience of the
predictor.

The RSR is the sum of three parameters: Parameter A represents qeolo-
gic factors such as the effects of rock type (jianeous, %etamorphic, sedi-

mentary), strenath (hard to soft), and the geological structures (folds

Jacobs and Associates, January 1974, #Ground Support Prediction Model (RSR
Concept)," Technical Report No. 125, for U.S. Bureau of Mines, Washington,
D.C., USA, Contract No. H0220075.
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and faults); Parameter B represents the joint pattern, joint spacing, thick-

ness, and the strike and dip with respect to the direction of tunnel drive;

and, Parameter C represents the aroundwater and joint conditions. J
Q Fach has been evaluated based upon past experience and weighted numeri-
cal values assigned to reflect their effect on the overall suoport require- f

ment. Tables of the values of A, B, and C nrepared in 1972 were revised

following a critical study by tunnelling specialists and further checks

against observations on 25% projects {Tables A8, A9, & Al10).

The rock structure rating of the rock mass at a tunnelling site is
defined as the sum of the values of A, B, and C. This RSR will vary from
a Yow value of 19 for the worst rock conditions to a maximum of 100 for
ideal conditions.

Site Investigations. A successful aeotechnical investigation must be

carried out to provide the information necessary for the following:

1. Conceptual design decisions, for example, on the depth, location,
aliagnment, and geometry of the tunnel opening.

2. Detailed design. the selection of the construction method, and of
the support system.

3. Detailed prediction and evaluation of construction oroblems.

The investiqation is carried out in successive stages, each staqe
leading to a major design decision, the next stage narrowed in extent and
scope, but developed in order to lead to tne next design decision.

Initially, the investiaation should be concerned with the geoloay of
the area and utilize the classical tools available to the qeologist, i.e.,

geologic maps and reports, geophysical exploration, and borinas, with care

: exercised by the enaineer in assessing the validity of the qgeological maps.
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TABLE A8

Rock Structure Rating, Parameter "A", General Area

Geology From Jacobs Associates, 1974 (Ref. A9)

Basic Rock Type Hard Medium Soft Decomposed
Igneous 1 2 3 4
Metamorphic 1 2 3
Sedimentary 2 3 4
Geological Structure
Massive Slightly Moderately Intensely
Faulted or Faulted or Faulted or
Folded Folded Folded
Type 1 30 22 15 9
Type 2 27 20 13 8
Type 3 24 18 12 7
Type 4 19 15 10 6




TABLE A9

Rock Structure Rating, Parameter "C",

Joint Condition {Ref. A

Groundwater,
9)

Sum of Parameters A + B

Anticipated 13-44 45-75

Water Inflow Joint Condition

{gpm/1000°" ) Good Fair Poor Good Fajr Poor
None 22 18 12 25 22 18
Slight (<200 gpm) 19 15 9 23 19 14
Moderate 15 11 7 21 16 12
(200-1000 gpm)

Heavy (>1000 gpm) 10 8 6 18 14 10
Joint Condition Good = tight or cemented

Fair

Poor

slightly weathered or altered

severely weathered, altered or open

—
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“The principal areas of uncertainty in the geoloqical structure
relevant to alternative tunnel routes should be carefully considered
and checked by borings. Such investigation, covering possible alter-
native routes over a Jarge area, must be kept relativelv qeneral for
economic reasons. However, it should be sufficiently detailed in
terms of ground characteristics to permit a rough evaluation of the
tunnelling methods to be used and of possible tunnel costs. This
first stage of the geotechnical investigation will normally lead to
the establishment of preliminary tunnel desian for all routes con-
sidered, to the relative rating of these alternative desians, and to
the first selection of what apnears as the best route at the stage.
In the second stage, the investigation is concentrated on the selected
route and is detailed to lead to the evaluation of the qround char-
acteristics necessary far the design of the tunnel excavation and
support. Boreholes. laboratory and in situ tests are the main in-
vestigation tools. The extent of the program, i.e., the number of
horehales and the type and number of tests, will depend eventually
on the variability of the geoloqy. In particular, the investigation
should provide, within reasonable expenditure, information on all
discontinuities that might have adverse effects on tunnelling.

"At the final design stage, additional geologic information may
be required for example, to permit the detailed design of tunnelling
machines or the design of new systems of lining. All information
gathered during the geotechnical investigation should be compiled
and made available to the contractor to allow reasonable bidding
with a minimum of major uncertainties. This information will qive
the contractor the opportunity to investiaate and propose innovative
approaches to the tunnel design and construction. This latter as-
pect is particularly iuportant in view of the fact that most of the
major improvements in tunnelling technology have resulted from con-
tractor initiatives.

"The geotechnical investigation for any tunnel need not and
should not stop at this stage. The construction stage provides a
chance to compare 'predicted' to ‘actual’ qeoloqy. This comparison
in areas already tunnelled may nrovide information on the accuracy
of oredicted geoloqy in future sections.

“The total cost of a aeotechnical investiqation will depend on a
number of factors, such as the location, purpose, and dimensions of
the proposed tunnel, the estimated total cost of the project, the dif-
ficulties related to local geology, the availability of skilled ner-
sqnne] and equipment, and consideration of time constraints. As
discussed by Ash, et al (1974), an increase in the extent and cost
of the geotechnical investigation is normally associated with a de-
crease in the cost of risk and effort involved in the tunnel construc-
tion. However, as shown in Figure A2, there is a finite limit to the
desirable extent of the geotechnical investigation beyond which little
or no overall eronomy can be achieved. At present, such a limit qen-
erally occurs at an investigation cost of ) to 3 percent of the total

cost of the tunnel; however, for specific complex projects, this cost
is usually double.

"Suggested steps in a geotechnical investigation for a tunne)
are qgiven below.




Aw_,d. .%mmV u
0179N43SU0)
|auun
1 UL 3S1Y 40 3507 pue uoLjebryss
13e613S9AU] 331LS 40 :
L 3503 - 2y

NOLL
YOILSIANT ILIS 40 LH0443 9NISYIYIN]

ASI¥ 40 509

S
—
=
=
~..Ow.2.w~kww7zw 3115 i0 1502 m,Wu
a
\\\\“\“7‘"" 7
/ =
~ =
=~ =
~N p
~N 3
N 3
N




(a) Assemble all the local geotechnical and qeological informa-
tion, and the local qgeoloqgical history and tectonic movements. This
information should be used to auide the subsequent investigatiuns and
should be in a form which may be used by the contractors at the time
of tendering.

e i e,

(b) Develop a preliminary site investigation procedure which
is based upon the following factors:

(Rt S

(i) Principal known areas of uncertainty, such as buried i
pre-glacial valleys, faults, and beach deposit areas should have ;
at relatively close intervals. :

(ii) Between the principal areas of uncertainty, the bor-
ings should be put down to provide representative data on typi-
cal soil or rock types. This interval may be about 500 feet and
should not exceed 750 feet in soft qround, and should not exceed
1.000 feet in rock.

{(c) The stratigraphy and geoloqy as determined by the first
stage of the investigation should be examined in detail insofar as
the design and construction problems associated with tunnelling are
concerned.

(d) A second detailed investigation should be designed to eli-
minate any areas of uncertainty established in the preliminary staqe.
This work may include:

(i) Detailed intermediate borings to determine the boundar-
ies of the soil and rock types;

(ii) Geophysical and other qeoloaqical testina methods to
develop an inferred stratiqraphy between the borinas; and.

(ii1) Large diameter horinas or inspection shafts. The
larqge diameter borings in rock are useful to provide sufficient
sample material for testing in terms of rock abrasiveness and
cutting, while the test shafts in soft ground provide a means
of inspection at the tendering staae and give an idea of the
occurrence of boulders.

(e) Throughout all stages of the investiqation, piezometric
measurements should be made in the borings to determine reqional
and seasonal variations in qroundwater conditions." {Ref. Al).

Recommendations for permanent support are qiven for 38 cateqories

(Tables Al11, A12, A13, & A14). These tables have been designed to qgive
estimates for permanent roof support. Methods f-.r estimating permanent
wall support are based on the hypothetical "wall quality" range 1.0 Q to

5.0 Q. An example of calculation procedures is given at the end of the

chapter.
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TABLE ATl

Classification Data for Self-Supporting Tunnels

Support Case Description of SPAN/ESR
Category No.  Support Used RQD/Jn Jr/Ja J,,/SRF (= De) Q
No. O 6 none, S (1 app.) for 60/2 2/1 11 9/1.6 60
protection from small
stones
(no support) 8 none 70/2 1/1 11 9/1.6 35
17 sb + S (1 appl) for 100/2 1.5/1 11 9/1.6 75
protection from small
stones
20 none 70/2 1/1 11 9/1.6 35
21 none 100/1 4/ 0.66/1 13/1.0 266
27 (near category 13) 90/3 1/ 11 12.5/1.6 30
none
29 none 90/2 3/1 171 12/5/1.6 135
35 none 10/3 2/ /1 5/1.6 6.7
36 none 20/2 2/ 171 5/1.6 20
63 (near category 17)B 100/9 1/1 1/2.5 5.9/1.6 4.4
68 none 100/1/2 5/1 11 10/1.0 1000
70 none 40/2 1.5/1 1/2.5 8/1.6 12
74 (near category 9) 100/2 N 1 12/1.3 16.7
none
77 (near category 5)sb 1001 5/1 1/2.5 20/1.3 200
(50 bolts per 300m)
78 none 90/2 1.5/1 1/2.5 5/1.3 27
87 none 100/1 4/1 1/1 11.25/1.6 400
91 none 90/2 1.5/1 11 12/1.3 67.5
96 none 100/1 4/1 ?1/2.5 15/1.3 160
101b  none 75/9 2/3 0.66/1 3.5/1.3 3.7
112  none 80/2 2/1 1/15 1.2/1.6 5.3
113  none 100/1 471 1/7.5 2.3/1.6 46
115  (near category 13)B 1001 an 1/20 6.4/1.90 29
(1.01‘“) i
119b  none 1001 an 1/0.5 100/4 800 1
119¢ none 100/1 4/1 1/0.5  100/5 800 3
120a none 95/9 3/1 11 71.3 3.6 i

120b none 95/9 N 1/0.5 7/1.3 63




- . e e e I VAP, . PO A AR o0 ne

TABLE A11(Cont'd.)

Support Case Description of SPAN/ESR
Category No. Support Used RQD/JN NIWA J_/SRF (= D) Q
r'Ya W e
127a none or sb 100/4 3N 1/0.5 20/5 75
. 127b none or sb 100/4 3/1 1/0.5 20/3 150
§ 144 sb, 2 m long 90/4 1/4 N 3/1.3 5.6
: 150 none 100/4 2/1 0.5/0.5 6.1/1.3 50
Key: S = shotcrete {number of applications in brackets)
B = systematic bolting (mean spacing in brackets)
sb = spot bolting
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A tunnel with given values of SPAN/ESR and quaiity 0} will require re-

duced overall measures for temporary support. Appropriate reductions in
support can be obtained by increasing the value of ESR to 1.5 ESR and by
jncreasing from ) to 5 Q.

It should be emphasized that the above support recommendations are
based for the most part on qeneral engineering practice for a given type
of excavation. If the quality of drilling and blasting is better or worse
than normal, then the recommended support mav be over-conservative or in- Eﬁ

adequate respectively.

Rock Structure Rating

The rock structure rating for the design of tunnel Tinings uses an
empirical relationship between RSR values and support values by who dev-
eloped a standard datum by which different supports could be compared
(Ref. A9). The majority of case history tunnefs were supported with steel
ribs. A measure was used that would relate support installation to a
theoretical support (rib size and spacing) which could be determined for
each tunnel. This measure, the Rib Ratio (RR), was developed from Terza-
ghi's formula for roof loads in loose sand below the water table as datum

conditions.

From the support for this datum condition for different tunnel dia-

meters (Table A15), the RR for a particular tunnel study section is ob-
tained by dividing the rib spacing by the actual rib spaciny used in the
study section and multiplying by 100.

Rib ratios were determined for each tunnel study section and used to
develop the empirical relationship between determined RSR values and .
ground support requirements (Figure A4), resulting from the analysis of

190 tunnel sections; however, this relationship is not representative of




TABLE Al5

Theoretical Spacing of Typical Rib Sizes for Datum Condition
, {Ref. A9)
; ]
| Rib Tunnel Diameter
f Size 10° 12! 14 16’ 18! 20' 22" 24" 26' 28" 30"
417.7 1.16
3 4H13.0 2.01 1.51 1.16 0.92
5 6H15.5 3.19 2.37 1.81 1.42 1.14
1 6H20 3.02 2.32 1.82 1.46 1.20
' 6H25 2.86 2.25 1.81 1.48 1.23 1.04
1 8WF31 3.2 2.61 2.14 1.78 1.5] 1.29 1.1
8WF40 3.37 2.76  2.30 1.95 1.67 1.44 1.25
! 8WF48 3.34 2.78 2.3 2.01 1.74 *.5)
| 10KF49 2.59 2.22 1.91 1.67
12WF53 2.19 1.9
12WF65 2.35
Note: Spacing in feet.
Note: 12WF65; Standard wide flange steel section with a nominal depth of 12 in.
and weight per lineal foot of 65 1b.
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special rock conditions such as swelling or squeezing rocks, the points for
which are shown as circles (Figure A3).

Two important limitations of the correlation between RSR and RR are:

FRAANIS Bl B b armam i 12t s A

1. Case history data were used to develop the RSR and RR values.
‘ Since all the tunnel sections were supported safely, the factors of safety

are unknown and it is probable that the sections were oversupported to

e s b . VI b 3k . 4on

|
‘ some degree. Consequently, the correlation between RSR and RR could be

conservative.

2. The relation between RSR and RR and the support requirements dis-

~

cussed below are for tunnels excavated by drill and blast. Because of the
lack of data, the same relation could not be developed for machine driven

tunnels; however, it is suqgested that an upward adjustment to the RSR
values (Figure A3) be made. This would adjust for the better condition of
the rock structure resulting from the use of a TBM, and the normal corre-

i lation between RR and support requirements should be used with the adjusted

RSR values.

Correlation Between RSR and Rock Load. The rib ratio RR is a measure

of the rock loads as proposed by Terzaghi, and the relation between RSR :
and RR can be interpreted in terms of rock loads.
For a known RSR, the rock load, wr, on the support system is qiven by

(Table Ale):

_ /D \/ 8300
Wy = (m) (RsR+ 30/ = 80

. where
Nr = rock load ‘kips/sq ft)
N = diameter of tunnel (ft)
RSR = rock structure rating
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These rock loads can be used in a conventional way to design anv type
of support system includina steel ribs, rock bolts, shotcrete, the Bernold
System, or even a permanent concrete arch with a higher dearee of reliabil-
ity than that obtained by other empirical design methods.

Relation Between RSR and Ground Support Requirements. The relation

between RSR and RR can be used as follows:

For a steel rib support from the tunnel diameter, the datum condition
(i.e., the reference rib spacing for a given size of ribs) can be obtained
(Table Al5). From the value of RSR, the rib ratio RR can be determined from

the average curve (Figure A3) or from the equation:

_/ 8800 .
RR'(m) %

The necessary rib spacing is obtained by dividing the reference rib
spacing by the computed RR and multiplying the result by 190. Typical re-
sults are given for support requirements for tunnels with.diameters of 10
feet, 14 feet, and 20 feet (Fiqures A5, A6, & A7) together with design cri-
teria for rock bolts and shotcrete. These have been established based on
simplified assumptions from the rock loads (Table Al16). For rock bolts, it
is assumed that the spacing is related to the rock load and the allowable

tensile force in the bolt by:

S = B/Nr
where
S = rock bolt spacing (ft)
Nr = rock load (kips/sq ft)

(we
n

allowable tensile force in bolt (kips)
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For snotcrete, the nominal thickness required is related to the rock

load by:
t=1+(W/1 - 25) (Ad)
where
t = shotcrete thickness (in.) ) 3
W, = rock load (kips/ft?) |

These are conservative assumptions in that the rock load is assum=d

to be the same as that for steel ribs; the effects of botn rock bolts and

shotcrete in reducing the rock lozds are neglected. Thus, the design cri-

teria may be over-conservative. Rock load reductions associated with the

early placement of rock bolts or shotcrete should be considered. From the

formula (Table A16 & Figures A5 to A7) supports can be designed for rocks

with an RSR between 18 and about 75, with values less than 17 representing

soft ground or soils, while values above 75 or 80 represent competent rocks -

which will require little or no support.

Summary of Rock Classification Methods. Rock classification of the -

methods are based on case histories, and if these tunnels were "over sup-
ported", the methods will perpetuate this over desion. Yhile the methods
are based on rock conditions in drilled and blasted tunnels, a correction
factor can be applied for machine driven tunnels, but the resultinqg de-
signs may be of lesser quality. The RQD value is a useful parameter which
is included in the CSIR and NGI methods but not in the RSR method. Some

combination of these approaches, using the meaninaful factors of each in-

cluding the strenagth properties of the rock, would seem the best approach.
The best current desian base would be to use the RSR plus either or both

the iGI and CSIR methods.
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Currently, it is felt that the main advantage of the Rock Classification
System is that it is based on rock properfies which can be determined from a
geotechnical investigation and allow the engineer to design the support system
prior to the beginning of the tunnel excavation. Rock conditions vary over
short distances and values of the quality index can be expected to differ

locally from the average design values. As a result, changes in support should

be expected during the progress of the tunnel excavation.

Secondary Linings for Tunnels in Rock

In many tunnels, the primary support installed immediately behind the face is
sufficient to carry the rock loads for the full lifetime of the tunnel and a

L secondary 1ining may not be necessary. Secondary linings are required only if

the tunnel is to be waterproofed, the surrounding rock is of a swellinqg type,
or they are installed for aesthetic or psychological reasons as in transporta-
tion tunnels.

Where secondary linings do not have any structural function, their structural
design is limited to the analysis of the stability under their own weight.
Where the flow of water into a finished tunnel is too large to control by means
of drains, it is necessary to provide a waterproofing membrane which will be
subject to hydrostatic pressures and will require a competent support. A
secondary lining can provide such support, the membrane being installed between
the primary and secondary linings. The design of a secondary lining which is
subjected to hydrostatic pressures needs sufficient strenqgth to resist the
resulting ring thrust plus the small moments due to its own weight. Alsa, a

thickness sufficient to ensure its stability against buckling is required.

Buckling can be calculat~d by:

) 3
Pop = (3E1/R%) > p (AS)
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where

Per = critical pressure producing buckling of the lining (1b/ft2)
E = modulus of elasticity of 1ining material (1b/ft2)
1 = moment of inertia of lining (ft)
R = radius of lining (ft)
p = applied hydrostatic oreSSure-(lb/ftz)

The design of the support system for a tunnel (in swellina rock) is
related to a high deqree of uncertaintv since the cause, maanitude, and
direction of the forces caused by the swelling process are unknown in most
rock formations. If the swell potential of the rock is known, additional
support may be provided by a secondary lining. Currently, the secondary
lining is assumed to carry the full rock load and is designed accordingly.
However, Deere, et al (Ref. A9), suggest that the secondary lining be assumed
to carry only that part of the rock load which will develop after this
lining is installed. The longer the time between the excavation of the
tunnel and the installation of this 1inina, the smaller the load will be
which must be carried by the secondary lining. Also, Deere, et al, suqggest
the use of frangible backpacking between the lining and the rock. In any

case, the design of linings in swellina rock is based on local experience

and will, therefore, be highly empirical.

Instrumentation and Observation

The above design approaches are largely empirical, and in some cases,

possibly conservative. A rational and economic application of empirical

Deere, D.U., R.B. Peck, J.E. Monsees, and B. Schmidt, 1969, "Design of Tun-
nel Liners and Support Systems,” Report for U.S. Department of Transporta-
tion, OHSGT Contract 3-0152, No. PR 183 799, NTIS, Springfield, Virginia,
USA, p. 287.




Instrumentation and Observation

The above design approaches are largely empirical, and in some cases,
possibly conservative. A rational and economic application of empirical
design assumptions to local conditions, involving a program of instrumenta-
tion and observation of tunnel linings in sample design areas, is essential
and should be initiated as soon as possible.

This program should be aimed at:

1. The evaluation of rock structure ratings based on local qeological

conditions, and correlated with rock quality indices such as ROD.

2. The evaluation of rock support reguirements in terms of factors 5

such as rock bolt loads and their variation with time, tunnel roof and i
wall movements as related to rock bolt spacing or shotcrete thickness, and I
3. The measurement of deformation and rina loads in bolted segment ! |
linings in soft qround.
The implementation of such instrumentation program will permit rational : f

applications of empirical design methods to local conditions and lead to mod-

ifications or improvements of linings. The end product desired is an econo-
mical Tining consistent with safety, strength, and durability. It should be
planned to incorporate in selected initial tunnel sections, trial subport
systems lighter than those calculated by existing RSR methods. These could
be monitored as part of the proaram and results used to optimize support

design.

Methods of Tunnel Lining

The behavior of lining in tunnels used for civilian purposes (static

loading) is affected by (1) the characteristics of the discontinuities

in the rock, (2) the time between excavation and placement of support, or
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the "stand-uo" time, (3) the method of excavation, either drill and blast
which may weaken the rock immediately around the oneninqg, or tunnel borina
which causes a minimum of disturbance, and (4) the flexibility of the sup-
port system to allow enough rock movement so that arching may occur.
For the DBM, the lining will be designed to support not only the load

due to the conventionally assumed types of static loading, but to offer

i some resistance to the loading caused by the stress wave generated by a

' nuclear detonation at the surface.

The types of lining or support include steel ribs, rock bolts, shot-
crete, prefabricated concrete seaments, and specialized types of liners.

The type and strength of liners or support systems for the DBM system must

have a minimum strenagth to support the static loads. The openings at or
near the missile locations will probably be desigqned to qive increased

strength and resistance to collapse under static plus dynamic loading.

Bpth primary and secondary lininas may be used depending upon requirements.

Lining Design - Empirical Approaches

For static Toading only, the load on the Tining must be determined to
give a basis for selection of the type and strenath of the lining, which in
turn wil) determine the method of installation and cost. One of the three
methods of evaluatina effects of aeoloqical factors discussed under Geotech-

nical Considerations may be used to determine the load factor.

Steel Ribs

Steel ribs, with timber laaging in blocky and seamy rock conditions,
still find application in poor rock conditions, but their use is reduced
considerably in favor of support systems, such as rock bolts and shotcrete.

Two types of steel support systems are generally used: continuous

ribs, and full circle ribs. Continuous ribs are made of a pair of steel,
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wide-flange (WF) beams, shaped to fit the tunnel opening and bolted together
at the tunnel crown set on kicker foot blocks. Full circle ribs, for cir-
cular machine bored tunnels or in tunnels in squeezing, swelling, and
crushed rock, are made of three or more circular-section beams. Placed at
right angles to the centerline of the tunnel and at regular longitudinal
spacing, the ribs, often referred to as sets, serve to distribute the rock
load by ring action (full circle ribs).

The size of the beams and the rib spacing are determined by the local
rock conditions and expécted rock loads. The size of the beams ranaes from
4-inch "I" beams, 7.7 pounds per foot (417.7) to 8-inch WF beams, 48 pounds
per foot (8WF48) for tunnels with a diameter less than 20 feet. PRib spac-
ings range from 1 to 7 feet, 4 feet being common.

When steel ribs are required, they are installed as soon as possible.
For TBM excavated tunnels, this is done behind the back of the machine. To
insure the development of the full strenqgth of the steel ribs, the blocking
points must be closely spaced and tightly wedqged; uneven spacing of the
blocks or a loosely wedqged block could cause local bending or buckling or
loosening of the rock due to lack of support. The subport erection of steel
is carried out by hand and the prospect of automatic erection methods being
developed for this method is minimal.

The steel rib support system has two siqnificant advantaqes:

1. Long experience has been gained from successful and unsuccesstul
applications, possible sources of malfunction have laraely been identified,
and proven empiric:1 desiagn criteria have been established.

2. The method is adaptable to any rock condition. The wide choice of

rib sections and snacing allows selection of a support suitable for a wide
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variety of rock loads. Steel ribs furnish all the necessary support witi-
out any direct contribution from the rock so that they can be installed
even in very weak rock.

The disadvantages of steel rib supports are:

1. The installation of the wood blocking requires extreme care, and
installation by hand is relatively slow. In machine excavated tunnels
where the tunneling operation is continuous and the rate of machine advance
is high, rib installation may be difficult to effect rapidly enough to
avoid delays in excavation.

2. The steel rib system incorporates timber blockinag and ltagaing which
decay. This type of suppart is not permanent and must be complemented by
a secondary permanent linina.

3. Steel ribs project 6 to 12 inches into the excavated tunnel sec-
tions. Therefore, the excavated section must be increased to allow for the
space for the ribs and future secondary lining, which leads to increased
costs.

Steel ribs are usually designed to resist rock loads computed by Ter-
zaghi's "rock-load method" which applies only to wood-blocked steel sets,
installed several feet behind the face of a tunnel excavated bv conventional
drilling and blasting techniques.

The "rock load," Hn’ is the height of the mass of rock which tenc: *+»
drop out of the roof of a tunnel. From an analysis of the amount of over-
break in various classes of rock and the qeometric characteristics of the
rock discontinuities and of the tunnel, Terzaqhi (Ref. A2?) estimatecd ranges of
rock loads depending on the rock condition and the tunnel dimensions (Table
A17). The rock load Hp, is given in terms of the width, B, and the height,
Ht' of the tunnel. The lower limits of HD depend upon favorable orienta-

=1ons of the rock discontinuities and the tunnel, the upper limits uoon
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TABLE A7

Rock Load H_ in Feet of Rock on Roof of Support in
Tunnel withPWidth B (feet), and Height H, (feet) at
Depth of More Than 1.5 (B + Ht)

Rock Condition Rock Load, Hp in ft Remarks

1. Hard and . intact zero Light Tining, required ;
only if spalling or
popping occurs.
2. Hard stratified or 0 to 0.5 B Light support. ]
schistose
3. Massive, moderately 0 to 0.25 8B Load may change er-

jointed ratically from point

to point.

} 4. Moderately blocky
! and seamy

0.25 B to 0.35 (B + Ht) No side pressure.

5. Very blocky and (0.35 to 1.10) (B + Ht) Little or no side

seamy pressure.
6. Completely crushed 1.0 (B + Ht) Considerable side pres-
but chemically intact sure. Softening effect

of seepage towards bot-
tom of tunnel requires
either continuous sup-
port for lower ends of
ribs or circular ribs.

7. Squeezing rock, mod-
erate depth

(1.10 to 2.10)

Heavy side pressure,
(B + Hy)

invert struts required.
Circular ribs are re-
commended.

8. Squeezing rock,

¢ | (2.0 to 4.50) (B + H
2 great depth

t)

9. Swelling rock

Up to 250 ft

Circular ribs required.

irrespective of value
of (B + Ht)

In extreme cases use
yielding support.




Notes:
table.

given

rocks.
sediments which have not yet acquired the properties of rock.

1. The roof of the tunnel is assumed to be located below the water
If it is located permanently above the water table, the values

for types 4 to 6 can be reduced by fifty percent.

2. Some of the most common rock formations contain layers of shale.
In an unweathered state, real shales are no worse than other stratified
However, the term shale is often applied to firmly compacted clay

Such so-called

shale may behave in the tunnel like squeezing or even swelling rock.

If a rock formation consists of a sequence of horizontal layers of sand-

stone or limestone and of immature shale, the excavation of the tunnel is
commonly associated with a gradual compression of the rock on both sides of
the tunnel, involving a downward movement of the roof.
latively Jow resistance against slippage at the boundaries between the so-
called shale and rock is likely to reduce very considerably the capacity of

the rock located above the roof to bridge.

Furthermore, the re-

Hence, in such rock formations,

the roof pressure may be as heavy as in a very blocky and seamy rock.
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adverse conditions. The major drawback of this method is that it is based
on a qualitative description of the rock condition.

It appears that the method generally results in workable and success-
ful designs, althouth it does not give the loads in the supports. A few
measurements have been made of the actual loads on steel ribs installed in
rock. These suggest that Terzaghi's rock load method is conservative,
particularly with modern methods of blasting and the use of tunneling
machines.

Based on experience and improved understanding of rock behavior,
Deere, et al (Ref. A1Q), proposed a more modern approach to the design of
steel ribs. Their basic concept is that the support system installed in
the tunnel be considered as a reinforcement to assist the rock in support-
ing itself rather than to support the rock. Their proposed criteria
(Table A18) offer major improvements over Terzaghi's method, and are re-
lated to the use of RQD as an index of the rock condition, to the distinc-
tion between drilled and blasted and machine-excavated tunnels, and to the
general reduction of rock loads. In establishing this method, Deere, et
al, assumed that the support system is installed as close to the face as
possible, i.e., about 2 to 4 feet, and that the steel ribs are properly
erected and blocked. A comparison between Terzaghi's and Deere's rock
loads and field measurements (Figure A8) shows that Deere's rock loads
are about 20% smaller than Terzaghi's, but still are larger than 90% of
observed loads. The saving on steel ribs obtained by using tunneling
machines is clearly shown, where rock loads are reduced by 25%.

Deere, D.U., J.E. 'unsees, and B. Schmidt, 1970, "Design of Tunnel Liners
and Support Systems," Highway Research Record No. 339, Transportation Re-
search Board, Washington, D.C., USA.
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TABLE A18

Guidelines for Selection of Steel Sets for 20 to 40-Foot
Tunnels in Rock (Ref. All)

Steel Sets Rock

Rock Construction Load (B = Tun- Weight
Quality Method nel Width) of Sets Spacing
Excellent Boring machine (0.0 to 0.2)B Light None to
RQD > 90 occasional
| ‘ Drilling and (0.0 to 0.3)8 Light None to
’ : blasting occasional
* Good RQD = Boring machine (0.0 to 0.4)B Light Occasional
75 to 90 to 5 to 6 ft
Drilling and (0.3 to 0.6)B Light 5 to 6 ft
blasting
Fair RQD = Boring machine (0.4 to 1.0)B Light to 5 to 6 ft
50 to 75 medium
Drilling and (0.6 to 1.3)B Light to 4 to 5 ft
blasting med1ium
Poor RQD = Boring machine (1.0 to 1.6)8B Medium 3 to 4 ft
25 to 50 circular
Drilling and (1.3 to 2.0)3 Medium to 2 to 4 ft
; blasting heavy circular
| Very poor Boring machine (1.6 to 2.2)B Medium to 2 ft
! RQD < 25 heavy circular
(Excluding Drilling and (2.0 to 2.8} Heavy circu- 2 ft
squeezing & blasting lar
swelling
ground)
Very poor, Both methods up to 250 ft Very heavy 2 ft
squeezing circular
or swelling
ground

Note: Table reflects 1969 technology in the United States. Groundwater con-
ditions and the details of jointing and weathering should be considered in
conjunction with these guidelines particulariy in the poorer quality rock.
See [eere, et al, 1969 for discussion of use and limitations of the guide-
lines for specific situations.
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ROCK LOAD FACTOR
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FIGURE A3 - Relationship of Rock Load
Factors and RID (Ref. A4)
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Rock Bolts

The use of rock bolt support has developed over the last 20 years,
particularly in machine bored tunnels. Considered at first as a replacement
for steel ribs. but still as a temporary support, they are now being used -
for permanent support of tunnels.

Rock bolts provide tunnel support by reinforcing the rock mass to
partially overcome its structural weaknesses. Vhile rock bolts are used
to provide a direct support to loose blocks or slabs, their application to
small and intermediate sized tunnels is more often based on the "rock re-
inforcement" or "arch" concept.

Rock bolts usually consist of a steel rod, N.5 to 1.5 inches in dia-
meter, 6 to 10 feet long, installed in holes drilled into the tunnel roof
and Qal]s and tightened in place by means of an appropriate anchoring de-
vice at the end of the hole, and a piate and nut at the rock surface. To

provide the necessary rock reinforcement, the rock bolts are installed on

a reqular .pattern to form a continuous reinforced rock arch (Figure A3).

In Brder for the arch to be formed, spacina of the bolts must be correctly

designed and is a function of the rock quality and the size of the tunnel.
dhile rock bolts in current use consist of a rod of ductile steel,

various tyoes of anchoring systems are used. These are the split rod, ex-

panding shells, resin bolts, and fiberglass reinforced polyester rock bolts.
The main advantage of rock bolts is related to the relative ease of

installation, without undue interference with the excavation process. They

also have an advantage in materials-handling, since the voiume of materials
handled is Timited compared to a steel rib support system,
From the geotechnical standpoint, rock bolts are more satisfactory

than steel ribs, since the inherent strength of the rock mass is used to

help support the rock load. With bolt installation close to the tunnel
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FIGURE A9 - Reinforced Rock Arch Formed by
Rock Bolts (Talobre, J., La
Mecanique Des Roches Dunod,
Paris, 1957)
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face, before significant loosening of the rock and with prestressing, al-
most the full rock strenath can be utilized for the support of the tunnel
opening. As a result, the necessary strength of the sunport system itself
can be minimized. MWith minimum projection into the tunnel opening, rock

bolts do not require enlargement of the tunnel diameter as is the case with

steel ribs. Rock bolts can be made permanent by arouting to provide cor-
rosion protection, and a secondary tunnel linina for structural reasons
is often not necessary.

Despite the apparent advantages of rock bolts, the support is still
discontinuous and isolated falls of «ock blocks may accur. This risk can
be eliminated by providing a continuous coveraqge of the roof by wire mesh
or concrete, thus, in effect, installing a secondary lining.

Further, rock bolts cannot be easily used in badly broken rock where
anchorage is difficult to obtain and where the bolt spacing would have to
be so small as to be uneconomical. In such cases, steel ribs are usually
preferred.

Finally, in spite of important progress to date, the desian of a rock
bolt system is largely empirical and counled with a higher dearee of uncer-
tainty than that for steel ribs. MHowever, the development of useful rock
classification systems, correlated with experience in tunneling in differ-
ent rack conditions, can be expected to reduce the uncertainty.

The understanding of the behavior of rock bolts and bolted tunnels is
still Timited so a rock bolt system is not designed but is selected based
on rules of thumb and on tentative empirical considerations. That is, the
size, type, and pattern of bolting is selected based on the best geologic
information available, previous experience under similar conditions, and

engineering judgement.




AR

Typical design features are as follows:

1. The length of rock bolts should be greater than 1/3 of the tunnel
width.

2. The spacing between rock boits should always be less than the
length.

3. Bolts should be installed in a regular pattern. Spacings between
3 and 8 feet are common practice.

4. Bolts should be installed as close to the face and as soon as
possible, and should be pretensioned to ensure maximum efficiency.

Deere, et al (Ref. A11) have proposed typical bolting schemes applic-
able to the different possible rock properties (Table A19) which are ap-
plicable to bolts installed within 4 feet of the face and pretensioned.
Goodnan and Ewoldsen {Ref. Al?)_state that pretensioning of rock bolts
minimizes rock loads and deformation provilea the pretension corresponds
to an applied rock bolt wall pressure of at least 10% of the initial rock
stress (the rock bolt wall pressure is defined as the pretensioning force
in the bolts divided by the area of the bolted wall). Rock bolts are
usually superior to steel sets from both a technical and an economic point

of view.

Shotcrete

Tunnel support by means of shotcrete is accompliished by applying a
layer (4 to 8 inches) of concrete against the roof and walls of the tun-
nel in one pass by means of a pneumatic gun. The concrete mix is designed
to develop an initial set within a few hours and a high strength within

about 24 hours. The following factors are characteristic (Ref. A10):

Goodnan, R.E. and H.M. Ewoldsen, 1969, "A Design Approach for Rock 801t
Reinforcement in Underground Galleries," International Symposium on Large
Permanent Underground Openings, Oslo, Norway.
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TABLE Al9

Guidelines for Selection of Rock Bolts for
20- to 40-Foot Tunnels in Rock (Ref. Al1)

Rock Bolts
(Conditional use in poor & very poor rock)
Rock Construction Spacing of Additional Requirements &
Quality Method Pattern Bolts Anchorage Limitations
Excellent Boring machine None to Rare
RQD > 90 occasional
Drilling and None to Rare
blasting occasional
Good RQD = Boring machine Occassional to  Occasional mesh and straps
75 to 90 5 to 6 ft
Drilling and 5 to 6 ft Occasional mesh or straps
blasting
Fair RQD = Boring machine 4 to 6 ft Mesh and straps as required
50 to 75 Drilling and 3to 5 ft Mesh and straps as required
blasting
Poor RQD = Boring machine 3tob ft Anchorage may be hard to
25 to 50 obtain. Considerable mesh
and straps required.
Drilling and 2 to 4 ft Anchorage may be hard to
blasting obtain. Considerable mesh
and straps required.
Very poor Boring machine 2 to 4 ft Anchorage may be impossible.
RQD < 25 100 percent mesh and straps
{excluding required.
squeezing Drilling and 3 ft Anchorage may be impossible.
and swell- blasting 100 percent mesh and straps
ing ground) required.
Very poor, Both methods 2 to 3 ft Anchorage may be impossible.
squeezing or 100 percent mesh and straps
swelling required.
ground

Note: Table reflects 1969 technology in the United States. Groundwater con-
ditions and the detaiis of jointing and weathering should b2 considered in
conjunction with these guidelines particularly in the poorer quality rock.
See Deere, et al, 1969 for discussion of use and limitations of the guide-
lines for specific situations.



A13.

1. Shotcrete is forced into open joints, fissures, seams, and irre-

gularities in the rock surfdce and in this way serves the same binding
function as mortar in a stone wall.

2. Shotcrete hinders water seepage from joints and seams in the rock
and thereby minimizes piping ofbjoint filling materials. Also, by sealing
the rock surface, it prevents or reduces deterioration of the rock by air
and water.

3. The adhesion of shotcrete to the rock surface together with the
shear strength of the shotcrete layer provides considerable resistance to
the fall of loose rock blocks from the roof of the tunnel.

4, Even at thicknesses of 4 to 8 inches, shotcrete provides struc-
tural support often of sufficient strength to support the rock mass.

Since shotcrete requires a certain time to develop its full strength,
its use is limited to rock structures having a stand-up time longer than
the setting time of shotcrete. It can be used either along or in combina-
tion with other support systems, such as rock bolts. Wire mesh reinforc-
ing can also be used, but it often causes problems during installation.
Tne wire mesh tends to vibrate during shotcrete application and frequently
causes loosening of the concrete mass and lower strength.

The design of shotcrete support consists of selection of the appro-
priate concrete mix, the installation method, and the thickness. For de-

sign criteria in North America, see References 10, 13, and 14.

maz.

Kobier, H.G., 1966, "Dry Mix Coarse Aggregate Shotcrete as Underground
Support," ACI Special Publication No. 14, American Concrete Institute,
Detroit, Michigan, USA.

Mason, E.E., May 1968, "The Function of Shotcrete in Support of Lining of
the Vancouver Railway Tunnel," paper presented at the Tunnel and Shaft
Conference, University of Minnesota, Minnesota, USA.
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Empirical design methods developed in Europe are based on possible

failure mechanisms. The most common failure occurs where the weight of a
loose block of nock in the tunnel roof exceeds the shear strength of the
shotcrete layer along the limits of the rock block. Based upon experience,
rough rules of thumb have been developed in various European countries:
in Austria the shotcrete thickness is generally taken as 1/40 to 1/50 of
the tunnel diameter; in Sweden 3 cm to 8 cm (1-1/4 to 3-1/4 inches) are
applied immediately behind the face in jointed rock; in Germany 10 cm (4
inches) is considered adequate for tunnels up to 10 m in diameter. Such
rules cannot be applied in rock types where no experience is available,
but the shotcrete thicknesses recommended by Linder (Ref. Al15), which are
related to Lauffer's rock classification (Ref. A3), may be used (Figure
A10). Consideration should be given to the fact that Reference A3 is
based on rock conditions in Austria and that these conditions are identi-
fied from a qualitative point of view only.

In spite of limited experience, Deere, et al (Ref. A10), proposed
empirical design criteria for shotcrete. Support reguirements are based
on the RQD (Table A20). The recommended shotcrete thicknesses are prob-
ably conservative.

The fundamentals of shotcrete mix design by Kobler (Ref. A13) in-
dicate that in addition to strength requirements, the setting time is an
important factor because it must be related to the stand-up time of the
rock mass. The mix used in the Vancouver railroad tunnel (Ref. Al4) may
be considered as a reference; it consisted of 650 1b of Type 1 Portaland
cement; 1,520 1b of sand; 850 1b of 1/4-in. stone, and 900 1b of 3/4-in.

stone per cubic yard 5f concrete with a water/cement ratio of 0.35. In

Linder, R., 1963, "Spritzbeton im Felshohraumbau," Die Bautechnik, Vol.
40, No. 10, Berlin, Germany.
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Notes from Figure AlQ

{(B) Alternatively rock bolts on 1.5 - 2 m spacing with wire net,
occasionally reinforcement needed only in arch.

(C) Alternatively rock bolts on 1 - 1.5 m spacing with wire net,
occasionally reinforcement needed only in arch.

(D) Shotcrete with wire net; alternatively rock bolts on 0.7 - 1 m
spacing with wire net and 3 cm shotcrete.

(E) Shotcrete with wire net; rock bolts on 0.5 - 1.2 m spacing with
3 - 5 cm shotcrete sometimes suitable; alternatively, steel
arches with lagging.

. (F) Shotcrete with wire net and steel arches; alternatively strutted
. steel arches with lagging and subsequent shotcrete.

(G) Shotcrete and strutted steel arches with lagging.

s
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TABLE A20

Guidelines for Selection of Shotcrete for

20- to 40-Foot Tunnels in Rock {Ref. A11)

Shotcrete

(Conditional use in poor & very poor rock)

Rock Construction Total Thickness Additional
Quality Method Crown Sides Support
Excellent Boring machine None to occasional None None
RQD > 90 Tocal application
Drilling and None to occasional None None
blasting local application
2 to 3 in.
Good RQD = Boring machine Local application None None
75 to 90 2 to 3 in.
Drilling and Local application None None
blasting 2 to 3 in.
Fair RQD = Boring machine 2 to 4 in. None Provide for rock-
50 to 75 bolts
Drilling and 4 in. or more 4 in. or Provide for rock-
blasting more bolts
Poor RQD = Boring machine 4 to 6 in. 4 to Rockbolts as re-
25 to 50 quired ( 4-6 ft
cm?3)
Drilling and 6 in. or more 6 in. or Rockbolts as re-
blasting more quired ( 4-6 ft
cm3)
Very poor Boring machine 6 in. or more on whole sec- Medium sets as re-
RQD < 25 tion quired
(Excluding Drilling and 6 in. or more on whole sec- Medium to heavy
squeezing & blasting tion sets as required
swelling
ground)
Very poor, Both methods 6 in. or more on whole sec- Heavy sets as re-
squeezing or tion quired
swelling
ground

Note: Table reflects 1969 technology in the United States.

Groundwater con-

ditions and the details of jointing and weathering should be considered in
conjunction with these guidelines, particularly in the poorer quality rock.
See Deere, et al, 1969 for discussion of use and limitations of the guide-
lines for specific situations.




addition, approximately 25 1b of accelerator, either "Tricosal TIKA" or

“Sika Sigunit," were added. This mix produced a shot with the following

: strengths:

r 2 hours 200 1b/in? .

f 12 hours 800 1b/in’ :
24 hours 1500 lb/in2 |
28 days 4000 1b/in ;

i,

; The quality of shotcrete depends on the mix proportions as with conventional
; concrete, but shotcrete has a very low water/cement ratio, ranging from
about 0.32 to 0.40.

To achieve a satisfactory bond and the rapid setting time reguired for
tunnel support, various patented accelerating admixtures have been developed.
These cause the concrete to achieve high strengths in a matter of hours.
Compared to conventionally poured concrete, shotcrete is strong in compres-
sion and unusua]ly so in flexure. (The "Vancouver mix" produced shotcrete
' with an average 28-day compressive strength oi 4,000 to 5,000 1b/1‘n2 with

2.) The

an average 28-day modulus of rupture in flexure of 1,150 1b/in
} high strength is pronabiy caused by the low water/cement ratios and also by

the high degree of compaction.

!

i

|

| 1

} ’
. Details concerning various accelerators are given in Parker, et al

(Ref. A16), Singh and Bortz (Ref. A17), and Anderson and Poad (Ref. A13).
I
f

3 -

Al16. Parker, H.W., R.M. Semple, A. Rokhsar, E. Febres-Codero, D.!J. Deere, and
1 R.B. Peck, 1971, "Innovations in Tunnel Support Systems," Report prepared
. by the Dept. of Civil Engineering, University of I1linois, for the Office
s of High Speed Ground Transportation, Washington, D.C., USA,

A17. Singh, M.M. and S.A. Bortz, 1974, "Use of Special Cements in Concrete,"
Symposium on Use of Sh~tcrete for Underground Structural Support, Engineer-
ing Foundation in conjunction with ASCE and ACI, New York, N.Y., USA.

A18. Anderson, G.L. and M.E. Poad, 1974, "Early Age Strength Properties of
Shotcrete," Symposium on Use of Shotcrete for Underground Structural Sup-
F port, ACI Publication SP-45, American Concrete Institute, Detroit, Michi-
gan, USA.
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The selection of the applicable proportions for the mix and the accelera-

tor depends upon the rate of advance and rock conditions.
Common rates for application are about 5 to 7 cubic yards per hour.

For a tunnel about 15 feet in diameter, possibly requiring shotcrete about
6 inches thick, the application rate for this thickness of shotcrete would
be approximately equal to the advance rate for excavation. Under difficult
ground conditions, the shotcreting must be fully intearated with the exca-
vation and material-handling sequence. High rates of application have been
developed and used with larger equipment. Hence, it may be economical to
delay shotcreting (providing that the stand-up time is adequate) to the end
of the excavation shifts and to shotcrete during a maintenance shift.

An advantage of shotcrete is that it provides a continuous strong, yet
yielding support. If it can be installed immediately behind the tunnel
face, it leads to a significant reduction of rock loosening, rock pressure,
and support requirements. It prevents air-staking and moisture entrance
into the rock and is thus effective for rocks sensitive to air and moisture
as well as for swelling rocks.

Shotcrete is adaptable to changing rock conditions. One application
is for rock where rock boits alone are not adequate to suonort the rock,
i.e., in rock of medium to poor quality. In general, shotcrete is an excel-
lent fipal tunnel 1ining as well as rock support, and no secondary lining
is required. Corresponding savings can be achieved not only in the cost
of the support and Vining system, but also savings due to the smaller size
of the excavated tunnel.

One nrincipal disadvantage of shotcrete was the lack of experience in
North America in i*: use. Further construction data is required to confirm

design methods and costs.

175

ey

e

—— ,__‘;Tﬁ

H

LS T N VORI IO N R

S ek e s <D | e o L




.

A new lining system has been developed recently (1976) in Switzerland,

the "Bernold System," which consists of a concrete lining reinforced by

special steel sheets that can be erected close to the tunnel face. It

serves both as an intermediate tunnel support and as a permanent linina.

Sl

The main element in this is a steel sheet which is corrugated and
"opened" (Figure Al11). The sheets have a standard size of 3 feet 6 inches .
by 4 feet and are available in three thicknesses, 19, 14, and 17 qauge.
Their shape depends on the radius of the tunnel and the design thickness
of concrete lining. To form a continuous lining, the sheets are erected
with a 4-inch overlap and special connections.

The sheets are usually erected in a vault close behind the tunnel face

with temporary support being provided by steel sets. The sSpace between
the vault and the rock is filled with pumped concrete. After the concrete
is set, the steel sets are removed and if required, the inner surface of
the sheets is covered with concrete or qunite. If the rock surface is -
i smooth, as with machine excavated tunnels, the sheets can be erected in
contact with the rock and gunite can be used to ensure contact with the
rock and continuous coverage of the sheets. The sheets, therefore, serve
as a temporary protection against rock falls, as a form for the pumped
concrete, and as reinforcement for the finished concrete arch.
The system has all of the advantaaes of shotcrete, and in addition,

provides an increased shear strength to prevent roof blocks from falling.

They also ensure an immediate support in the same manner as steel ribs in

rocks with short stand-up times. The system is, therefore, suited for
rocks of lTower quality where it represents a worthwhile alternative to

steel ribs.

Bernold Systems are desiqned generally on the basis of Terzaghi's rock

loads, the system being considered as a thin arch. Full scale tests in
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FIGURE A11- Bernold System Boarding and Reinforcement
. Sheet (Bernold, Jean, 1970; given in
Nussbaum}).
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Switzerland and Japan have shown that a Bernold lining had a load-carrying

capacity 30 to 50 percent greater than that of an unreinforced concrete
lining of the same thickness. This system should be investigated further

for possible use in the proposed DBM tunnel system.

\

Lining Design and Rock Classification Systems

The rock classification systems described earlier were developed to
assist in the design of 1ining systems for tunnels of varying sizes in
different types of rock. The methods of their application are described
below, and will .then be employed to evaluate vossible rock conditions and
the support requirements for the DBM system.

These methods of design are just as empirical and are based upon ex-
perience. B8ecause of the varied nature of rocks {anisotropic, nonhomogen-
eous, neither elastic nor plastic because of joints), the approach of rock
classification based on observed and measured properties is the most pro-
mising basis for the design of Jinings for tunnels.

An attempt has been made by the originators of all of the systems des-
cribed (RQD, CSIR, NGI, RSR) to relate the "Rating Figure" to
the "Rock Load" as defined oriqinally by Terzaqhi (1946). Once the loads
which the linina must carry are known or estimated, the desian of the lin-
ings becomes a soluble structural problem.

RQD Method. Reference A10 1as related the rock quality designation
(RQD) to Terzaghi's Rock Load Factor (Figure A12), and also gives the
author's recommended reductions in this factor based on rock loads mea-
sured in tunnels for conventional tunneling methods and machine tunneling,
which causes less disturbance to the rock than drilling and blasting.

Reference Al2 gives three tables relating RQD to the design of steel sets

(ribs), rock bolts, and shotcrete for tunnels in rock 20 to 40 feet in
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diameter (see Tables A18, A19, & A20). A further design aid for shotcrete

given by Deere, et al (Ref. Al1) (Figure A13) is based on Lauffer's clas-
sification of rock.

CSIR Method. Bieniawski has related his rating of rock guality to
the selection of primary support for tunnels from 5 to 12 meters in diam-
eter constructed by drilling and blasting in Table A21. This gives sug-
gested support measures for rock bolts, shotcrete, and steel sets. These
recommendations are based on experience with South African rocks.

NGI Method. This classification system is not yet a complete design
system. However, it is a useful guide. Barton, et al (Ref. A3), relate
the rock mass quality, Q, to the required support pressure for the roof as
shown in Figure A13, which is explained as follows.

An empirical equation relating permanent support pressure and rock

mass quality Q, which fits available case records quite well, was found to

be

-1/3
roof = (2/9,) 0 (R6)

el
I]

P = permanent roof support pressure in kg/cm2

J . = joint roughness number

Q = rock mass quality
The diagonal lines in Figure A13 are numbered with their respective Jr
values using the above eguation. The shaded envelope is an estimate of
the range to be expected in practice from available case records. This
utilizes a double dependence of support pressure on joint roughness number
Jr' which appears to be realistic according to available case records.

While equation (A6) fits the data for case studies quite well, it

was improved for a situation where the number of joint sets (Jn) falls be-

ow three, whence,
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i NN L
Proof = 33 (A7)

From a large number of case histories, the rock quality § was plotted
against "equivalent dimensions" and the lower line in Figures Al4 and Al5
was found to be the approximate boundary between self-supporting excavations

and those requiring some form of support, the equation for this line being

= given by

i where ;
De = the limiting value of SPAN/ESR
Q = the rock mass quality

Such spans range from 1.2 to 100 meters (Table A22). The span width is not
’ _ necessarily the limiting factor, but the rock strength, lack of joints,
! a favorable stress field, and other factors are also important.
In order to identify important variations in support requirements, the
factors RQD/Jn and Jr/Ja as well as Q (Ref. A8), the first of two excava-
tions with the same values of Q may be bolted, and in the second, only

shotcreted. The factor RQD/Jn which describes the block size will normally

separate these two cases. That is, rock masses with RQD/Jn values larger
than 10 will likely be massive to blocky requiring only bolting, while

values less than 10 may represent blocky jointed rock, which can often re- : T
quire only shotcrete. In other cases, the factor Jr/Ja.(which describes

interblock shear strength).may be more important. Also, the equivalent

dimension (De), which is equal to SPAN/ESR, is a third factor accounting

for differences in support practice.
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EXAMPLE OF CALCULATIONS
20 m SPAN MACHINE HALL IN PHYLLITE

1. Rock Mass Classification

Joint Set 1  Strongly developed foliation

Smooth-planar (Jr = 1.0) ;
Chlorite coatings (Ja = 4.0) %
€a. 15 joints/metre i
Joint Set 2 Smooth-undulating (Jr = 2) i
Slightly altered joint walls (Ja = 2) %
Ca. 5 joints/metre i
JV =15 +5 =20
J, = 4. Minimum J/dy = 1/4 {
Minor water inflows: J, = 1.9
Unconfined compression strenqgth of phyllite (nc) = 40N kq/cm2
Major principal stress (o]) = 30 kq/cm2
Minor principal stress (03) = 10 ka/cm2 1
(0q/03) =3
nc/a] = 13.3 {(medium stress) SRF = 1.0
Q=32 7 - 1= 3.1 (noor) (A9)
Type of excavation Machine hall B = 20 m, H = 30 m
(ESR - 1.0) 8/ESR = 20, H/ESR = 30
Support category (a) Roof 0 = 3.1: cateqory 23
(b) Walls "N" = 3.1 2.5; catenqory 20
Recommended (a) Cateqory 23 Table 3(tq) 1.4 m (Roof)

+ S(mr) 15 cm
Motes: II, 1V, VII

(b) Category 27 Table 8{tqg) 1.7 m {Walls)
+ S (mr) 10 cm
Notes: II, IV
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Mean length
of bolts and anchors (a) Roof: bolts 5
anchors 8.

(b) Walls: bolts 6.5
anchors 10.5

Support pressure estimates
(a) Roof 0Q = 3.1 1. (Fig. A13, shaded envelope) )
Approx. range for Pro =N.9 - 2.0 ka/cm

of
. _ 2
2. (Equ. AO)Proof = 1.37 kg/cm
_ /4
3. (Equ. A7)proof = 0.91 ka/cm
(b) Wwalls "Q" = 3.1 - 2.5 1. (Fig. A13, shaded enveiope) 5
Approx. range for P =N.6 - 1.4 ka/cm
wall
. _ 2
2. (Equ. AC)Pwa]] = 1.01 ka/cm
_ 2
3. (Equ. A7)Pwa1] = N.67 kg/cm
Comments

1. Note the use of the minimum value Jr/Ja for calculating Q. The
properties of the joint set having the lowest shear strength should always
be used, unless the user considers the orientation is entirely favorable
such that a second joint is more unfavorable to stability, despite having
a higher value of Jr/Ja'

2. The choice of 1.4 m and 1.7 m spacing for roof and wall bolts from
the empirical listed ranges of 1 - 1.5 mand 1 - 2 m was made in accordance
with the specific value of Q, in relation to the range for the given cate-
gory (i.e., 3 =1 - 4). These bolt spacings are approximate and need to
be checked against required Support pressures.

3. When using Tables 11, 12, 13, and 14 for wall support, the relevent
span should be used when the conditional factor (SPAN/ESR) is listed.
Hence, the choice of the minimum 19 cm of mesh reinforced shotcrete from a
possible range of 10 - 20 cm.

4. The mean bolt and anchor lengths should be coordinated with the
recommendation given under Note IT (p. 229). Thus, for tho roof, variable
(intermeshed) bolt lenaths of 3, 5, and 7 m appear reasonable, while for the
wall 5, 6.5, and 8 m might be more appropriate. The recommendation for
using tensioned cable anchors (Note IV) is based on current practice in
most caverns of this size. The effectiveness of such widely spaced (2 - 4 m)
reinforcement is perhaps open to question.

5. The range of estimates of support pressure gives room for choice.
The estimates obtained from Equ. (A7)are especially dependent on the ab-
sence of additional joint sets. Should some additional random joints be
discovered when access tunnels are driven into this hypothetical rock mass,
both J; and Q will be affected, and this will have a multiple effect on
Equ. (A7) The value of J_ will increase to 6, Q will reduce to 2.1, and2
the estimate of roof support pressure would rise from 0.91 to 1.28 kq/cmC.
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A19.

DESIGN CONCEPTS USING THE SUPPORT TABLES

The application of support dimensioning can be divided into three

parts: bolting, concrete lining, shotcrete lining.

1. Bolting

The support capacity of tensioned or grouted bolts is equal to the

yield capacity of one bolt divided by the square of the bolt spacino:

P = 1/a% (A10)

where i
P = support pressure capacity in kg/cm2
a = bolt spacing in meters

Equation (A10) and the support pressure chart (Figure A13) were used in
combination with the case records to provide a reasonably continuous spec-
trum of bolt spacings. When a range of spacings is given tn Tables Al8 -
A21, for example 1.5 to 2.0 m, the lower limit applies to the lowest rock
mass quality Q, and the upper 1imit to the highest rock mass quality in
each category. For supplementary reinforcement, the bolt spacings could
be increased, provided the total support pressure of the combined bolting
and anchoring is not reduced.

Bolt and anchor lengths depend on the dimensions of the excavations.
Lengths for the roof are usually related to the span, while those used in
the walls are usually related to the height. The ratio of bolt length to
span tends to reduce as the span increases. This trend has been demon-

strated by Benson, et al (Ref. AI9). The following recommendations are

e ) B, b e

given as guides to be modified as conditions demand.

Benson, R.P., R.J. Conlon, A.H. Merritt, P. Joli-Coeur, and D.U. Deere,
1971, "Rock Mechanics at Churchill Falls," American Society of Civil En- 4
gineers, Symposium on Underground Rock Chambers, Proceedings 407-486, 8] 3
Phoenix, Arizona.
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Roof: boits L=2+0.15B/ESR

anchors L 0.40 B/ESR

Walls: bolts L =2+ 0.15 H/ESR
anchors L = 0.35 H/ESR
where
L = length in metres
B = span in metres
H = excavation height in metres
ESR = excavation support ratio

2. Concrete Lining
The theory of thin-walled cylinders provides the relation between
lining thickness, stress in lining, and uniform internal or external pres-

sure at equilibrium. For external loading the foliowing applies:
t =P-R . (A11)

where

P = externally applied pressure (kg/cmz)

g = compressive stress in lining (kg/cmz)

R = internal radius of lining (cm)

t = wall thickness for eguilibrium (cm)

Equation (A11) is based on the assumption that bending and shear stresses
are absent.

When a concrete lining is used in combination with bolting, stresses
caused by uneven loading or noncircular lining are presumably minimized
and equation (A11) gives a conservative value for allowable stress. If
bolt tensions could be guaranteed, some sharing of support pressure would

occur and lining thickness could be reduced. However, some form of

e e S e e L
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internal steel reinforcement may be required to reduce the unfavorable ef-
fect of uneven stresses. A conservative value of 5 (allowable) equal to
50 kg/cm2 was assumed for the values i3 Tables Al8 - Al19. The appropriate !
range of pressure (P) was estimated using Figure A13 in combination with
case records.

Support pressure load sharing by systematic bolting was ignored; 1

F therefore, concrete thickness may be too conservative if bolts are used.
Concrete lining is recommended for only the poorest qualities of rock mass,

where the effectiveness of bolt anchorage is uncertain.

3. Shotcrete Lining

When single {2 - 3 cm) or double (5 cm) applications of shotcrete are
applied, usually in combination with bolting (i.e., support categories 21
and 25, Tables A19 - A20, the function of the shotcrete is to prevent
loosening in the zone between bolts. In such cases, no attempt was made
to use equation (A11) for design thicknesses. The mode of failure of thin

layers of shotcrete is one of shear, not bending or compression, as empha-

sized by Rabcewicz (Ref. A20) and Muller (Ref. A21). The values in the
tables are based on a wealth of case records in these support categories,

and theoretical applications are not necessary. i

Cost Considerations

Equipment Costs. The cost of construction of a tunnel consists of a

combination of fixed and variable costs. Fixed costs depand upon the

A20. Rabcewicz, L.V., 1969, "Stability of Tunnels Under Rock Load," Water
Power, Vol. 21, June: 225-229, July: 266-273, August: 297-302.

ha o of

A21. Muller-Salzburg, L., 1970, "A New European Tunneling Concept," paper pre-
sented at a Tunneling Conference at Lorch, West Germany under the title
‘ "Neuere Auffassungen im mitteleuropaischen Felshohlraumbau und deren
Auswirkungen auf die Praxis," Salzburg, p. 42, Osterreichische Gesell-
schaft fur Geomechanik, Translation 17.
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design of the tunnel, the location, grade, alignment, type of lining, cost

of mobilization of special equipment, such as a TBM, and the total length
and type of a specific tunnel in a specific location. Fixed costs, as re-
lated to materials, refer to those that the contractor is required to
place in the ground and leave in place, such as the lining, both temporary
and secondary. Lining costs may represent 30% or more of the total cost,
of which some 50% consists of materials alone. The lining required de-
pends on the local geology, but it may be significantly influenced by the
function of the tunnel.

For the proposed deep-based missile system in a geologic environment
consisting of sandstones and associated rocks at 2,000 - 3,000 foot depth,
the lining must support the static loads imposed by the rock pressure,
provide for movement of equipment, etc., and be strong enough in some areas
to offer some resistance to dynamic loading. Hence, the fixed costs will
include a steel reinforced concrete lining, probably placed in segments.

Variable costs are those which depend upon time, such as labor, cost

of utilities, cost of supervision, rental of special equipment, and costs
amortized over the life of the project. A significant cost factor is the
length of time that the contractor is on site, which depends on the rate
of advance of the tunnel or the number of feet driven per day.

Rates of advance may vary widely. At high rates, the saving due to
increasing the rate of advance decreases and the fixed costs become more
significant in determining the total cost.

Significant improvements have occurred in factors which affect rates
of advance in the last few years. These consist of greater mechanization
of mining methods, the development of new techniques for removing muck,
for materials handling, for pumping of concrete, and the availability of

various types of tunnel boring machines which have contributed to these
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improvements. Developments in the components of boring machines is the
most significant.

The construction of better cutters and bearings has markedly decreased
the downtime in TBM operation. However, these types of improvements are ap-
proaching optimistic levels, and further improvements must come from other
types of design, development of machine parts, and methods of operation.

The following are important factors which will have a decisive effect
upon an extensive project such as the comtemplated DBM system.

The volume of tunnel construction in a given geographical area af-

fects the costs of construction of tunnels. For smaller projects, if there

is a variety of tunneling equipment available in a local area, costs will
decrease.

A critical factor of major significance in large projects is the H
availability of experienced tunneling crews. Tunnel construction requires

specific skills, and labor experienced in building construction or other

types of earthwork construction cannot be readily and efficiently re-
trained as tunnel crews. The interdependence and coordination of individ- i

val workmen in a tunnel is more significant than in other construction

projects. Because of these and other labor requirements, tunnel contractors

are specialists in their area of operations and depend on tunneling con-

struction for the major proportion of their revenue.

The interdependence of these and related factors is extremely complex,
and it is generally not possible to identify exactly the economic signifi-
cance of any one factor in overall tunnel costs.

Mayo, et al (Ref. A22), from an extensive study of tunneling projects,

concluded that rates of advance in hard rock tunneling could be increased

A22. Mayo, Robert S., Adair Thomas, and Robert J. Jenny, January 1968, "Tunnel-
ing - The State of the Art," Robert S. Mayo & Associates, published for
U.S. Dept. of Housing and Urban Development, Washington, D.C., USA.
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to 70 to 90 ft/day. These increases in advance rates must include faster
muck removal, more rapid installation of support systems, and more effi-
cient operations in general. Costs must be continually updated to provide
for escalation of labor, material, and related cost factors.

Peck, et al (Ref. A23), made an extensive study of the design of sup-
ports for tunnels in both soft ground and rock for an 18-ft diameter “ex-
ample tunnel" with a variety of ground conditions and support systems. A
synthesis of costs was prepared and compared to available data on costs
for other tunnels reported in the literature (Figure Al16). The price per
foot for tunnels in soft ground overlaps the high range of cost for steel
ribs in poor rock. In general, the cost of tunnels in soft ground is
close to that for tunnels in poor rock using steel rib support.

Significant conclusions of this report were:

1. Tunneling must be treated as a complete system, not as a collec-
tion of unrelated components. The total cost of tunnel construction can
be reduced either by reducing the cost of one or more of the components
without unduly affecting the rate of advance or by increasing the rate of
advance without excessively raising the costs of any of the components.

2. The percentage saving possible by reductions in new applications
of primary support may be less than 10% of the total cost of the tunnel;
however, major savings, perhaps as high as 30% of the total cost of the
tunnel, might be achieved by designing primary support systems that do

not require secondary linings of concrete.

Peck, R.B., D.U. Deere, J.E. Monsees, H.W. Parker, and B. Schmidt, 1909,
"Some Design Considerations in the Selection of Underground Support Sys-
tems," Report for ' S. Dept. of Transportation, OHGST, Contract 3-0152.
Publisned by the National Technical Information Service, Springfield, Vir-
ginia, USA.
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Example Tunnels
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FIGURE A6 - Cost Commarison of Soft Ground and
Rock Tunnels (Ref. A26)
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A24.

Spittel, et al {(Ref. A?4), in a review and analysis of tunnei con-
struction costs for the Office of High Speed Ground Transportation used
data for cost analyses from historical records of contractors. owners, and
manufacturers throughout the United States. Unfortunately, detailed data
or actual project performance as measured by rates of advance were un-
available for most of the projects examined. The general conclusions in
this report are pertinent:

1. For tunnel diameters {up to 40 ft), there is a marked increase
in costs with increasing diameter. However, in the range of 10- to 15-ft
diameters, this is relatively modest.

2. The trend of increase in tunneling costs to 1971 is much less
than that for other segments of the construction industry. Increased use
of machine tunneling nas played a major role in restraining escalating
costs.

3. To derive the greatest benefit from a tunneling machine, the con-
tractor must strive for the most intensive use of this equipment. How-
ever, tunneling machines are presently being designed for each specific
tunrel project and only rarely, if ever, are they not written off on the
job for which they were purchased. Costs could be definitely reduced if
such machines could be used for several projects.

4. Coincident with 2, tunnels should be standardized with about 6
to 8 sizes and one shape. However, standardization of the tunnel diameter
and shape without a commensurate criterion for lining thickness would only

effect modest improvements in costs.

Spittel, Louis A. and J.C. Willard, March 1951, "Tunneling Cost Analysis,"
RMC, Inc., Bethesda, .naryland, U.S. Dept. of Transportation.
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5. The criteria for contract awards and construction specifications
could, in many cases, be changed to produce a lower final overall cost of
construction.

An index for tunneling costs in Toronto (Figure Al7) was taken from
data published in the Engineering News record. The cost items not dir-
ectly related to tunneling were excluded, such as shafts, manholes, and

appurtenant work. The total cost for the project was divided by the tun-

nel Tength to give the cost per foot. These adjusted costs (Figure A17)

show a rapid increase.
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